Light produced by most natural and artificial sources is unpolarized or partially polarized. At any instant of time, however, such random light can be regarded as fully polarized, but the polarization state may vary drastically within short time intervals. This rate of change is another attribute that separates one unpolarized beam from another. Here, we study such polarization dynamics and, for the first time to our knowledge, measure the characteristic time, called the polarization time, in which the instantaneous polarization state stays essentially unaltered. The technique employs a polarization-sensitive Michelson interferometer and two-photon absorption detection valid for electromagnetic light, yielding superior femtosecond time resolution. We analyze two unpolarized light sources: amplified spontaneous emission from a fiber amplifier and a dual-wavelength laser source. The characterization of polarization dynamics can have significant applications in optical sensing, polarimetry, telecommunication, and astronomy, as well as in quantum and atom optics.
INTRODUCTION
Light fields may differ in their spectrum, intensity, and polarization, as well as in spatial, temporal, and spectral coherence properties. In addition, not all unpolarized light beams are equal. For example, the unpolarized state may be irreversible, as with thermal light, or full polarization may be recovered without absorption [1] . Artificial beams often exhibit reversible unpolarized states [2] . Yet, a practically unexplored feature that can distinguish two random light beams is their polarization dynamics, i.e., the temporal evolution of the instantaneous polarization state. For monochromatic light, the polarization ellipse and the associated polarization state are fixed at all times and no polarization dynamics occur. The same is true for random but fully polarized beams, whose intensity, however, may fluctuate. On the other hand, for most natural and many artificial light sources, which are partially polarized, the polarization ellipse varies randomly both in shape and orientation on a femtosecond scale. Two partially polarized beams, for example, may share identical degrees and average states of polarization, but the characteristic speeds at which the instantaneous polarization states change in time can be entirely different. The typical ultrafast polarization variations are impossible to observe directly even with the fastest existing photodetectors, as their response times are too long, on the order of 10 ps. This issue, along with the fact that a general theory of polarization dynamics in random light was introduced only very recently [3] [4] [5] , has hampered the research progress and applications connected to this topic.
The time interval over which the instantaneous polarization state of fluctuating light does not change significantly is referred to as the polarization time [3] [4] [5] [see Fig. 1(a) ]. Geometrically, it can be visualized as a period of time in which the instantaneous polarization state on the Poincaré sphere does not move far from its original position [3] . Mathematically, it can be quantified with polarization correlation functions involving intensity correlations of various polarization components [3] [4] [5] . Conceptually, the polarization time resembles the classical notion of coherence time but quantitatively differs substantially from it. For example, fully polarized light has an infinite polarization time, but the coherence time can be almost anything. The polarization time is a new quantity specifying the rate of the polarization-state fluctuations, and it can provide useful information on natural light sources and propagation media. Polarization dynamics may benefit research dealing with polarization fluctuations, e.g., polarization-mode dispersion in optical fibers [6] , particle shape determination [7] , polarimetric radar imaging [8] , supercontinuum light [9] , polarization beating for higher-order harmonic generation [10] , vertical-cavity surface-emitting lasers [11] , polarization chaos in laser diodes [12] , and optical telecommunication [13] , as well as polarimetry of stellar sources and thermal background radiation from the Big Bang [14] [15] [16] . Mapping the time-averaged polarization state of cosmic microwave background radiation has already provided us with new, groundbreaking information on the early universe, and the possibility of measuring dynamical characteristics of the polarization state of this radiation can open one more channel of information for further cosmological investigations. Further, the quantum-mechanical selection rules governing atomic and molecular transitions depend essentially on the polarization state of light [17, 18] , while the fluctuations in fluorescence emission of single emitters yield information on their nanoscopic environment [19] . The polarization time can also be used to characterize pulsed beams, such as Poincaré beams, in which the polarization can go through all possible states within each pulse [20] , and beams created by cascade emission of pairs of orthogonally polarized photons by quantum dots [21] .
Here, we present the first measurement, to our knowledge, of the polarization time by analyzing two unpolarized, continuouswave light beams: amplified spontaneous emission (ASE) from an Er-doped fiber amplifier, and the superposition of two independent, orthogonally polarized, equal-intensity narrowband laser beams. The technique is based on using two-photon absorption [22, 23] in a GaAs photomultiplier tube [24, 25] and a polarizationsensitive Michelson interferometer, which together provide the required femtosecond-scale time resolution. The method is valid effectively for any random or deterministic behavior of instantaneous polarization. A similar technique has recently been employed to measure the coherence time of random electromagnetic beams [26] , and before that, its scalar analogue was applied to show photon bunching in thermal light [27] , extra bunching in twin beams [28] , and pulse compression by two-photon gain [29] . We note that the scalar approach is not adequate in the electromagnetic context, since the polarization dynamics give an essential contribution to the two-photon absorption signal [26] . In our approach, the polarization time is found by measuring the intensity auto-and cross-correlation functions of various polarization components of light with the help of two-photon absorption. Whereas these functions can be obtained also by other photodetection methods, e.g., based on second-harmonic generation [30, 31] , we consider our technique as flexible and readily adaptable to other spectral ranges and polarization time scales.
POLARIZATION DYNAMICS
At sufficiently short time intervals (of at least a few cycles), all random or deterministic light is fully polarized with a specific polarization state. For beam fields, this state can be characterized by the normalized instantaneous Poincaré vector [32] st s 1 t; s 2 t; s 3 t, where s i t S i t∕S 0 t, with i ∈ 1; 2; 3, are the time-dependent polarization-state Stokes parameters divided by the intensity. The quantities are given as S 0 t I x t I y t;
(1)
where I x t and I y t are the instantaneous intensities of the xand y-polarized field components, I 45 t and I −45 t are the analogous quantities of the components polarized at an angle of 45°and −45°, respectively, with respect to the x axis, while I RCP t and I LCP t represent the instantaneous intensities of the right-hand and left-hand circularly polarized fields. As depicted in Fig. 1(b) , the vector st specifies a point on the Poincaré sphere of unit radius. The evolution of the instantaneous polarization state over a time interval τ can be treated by considering the variation of st to st τ. For a fully polarized beam of light st is fixed, while for an unpolarized beam, its time average, denoted by the brackets, vanishes, i.e., hsti 0. How far, on average, the polarization state within τ moves on the Poincaré sphere may be quantified by the (polarization) correlation function [3] γ P τ hst · st τS 0 tS 0 t τi hS 0 tS 0 t τi :
The scalar product st · st τ varies from −1 to 1, corresponding to orthogonal and the same polarization states at times t and t τ. Thus, the higher its value is, the closer the polarization states are on the Poincaré sphere. In Eq. (5), the polarization states at t and t τ are weighted by the associated intensities emphasizing the instants of time with high intensity and therefore of physical significance. The denominator of Eq. (5) serves to normalize the correlation function so that γ P 0 1 and −1 ≤ γ P τ ≤ 1. We define the polarization time, τ p , as a characteristic time interval over which the instantaneous polarization state remains, on average, essentially unaltered, i.e., γ P τ drops from γ P 0 to γ P τ p 0.5γ P 0, for instance. In Ref. [4] , a quantity describing the redistribution rate of light energy between two orthogonal polarization states within τ was introduced. That function is monotonically related to the one in Eq. (5), and hence, the polarization time also represents a time period during which a significant amount of energy of a certain instantaneous polarization state transfers to the state orthogonal to it. Rewriting the numerator in Eq. (5) leads to
where the correlation functions of the Stokes parameters can be expressed as Above, C i;j τ hI i tI j t τi, with i; j x; y; 45; −45; RCP; LCP, is the intensity correlation function related to the polarization states indicated by the subscripts i and j. Thus, measuring all intensity correlation functions allows us to find γ P τ and the associated polarization time τ p . Note that the polarization correlation function in Eq. (6) is general, independent of the statistics of the light fluctuations, and it can also be used to treat deterministically changing polarization. In addition, the method works for both stationary and nonstationary beams, although it does not provide information on the type of instantaneous polarization states.
MEASUREMENT TECHNIQUE
The electromagnetic detection that we use necessitates polarizationselective optical elements, quarter-wave plates and polarizers, in the arms of the interferometer [see Fig. 2(a) ]. With these elements, we can select any polarization component of interest from the incident beam. Our experimental setup is as follows. Light that we analyze is coupled into a single-mode optical fiber (OF) and delivered to the interferometer, where it is collimated with a lens [L1 in Fig. 2 (a)] to form a beam. The collimated beam is split into two beams with a polarization-insensitive beam splitter (BS). Each of these beams, when propagating in the interferometer arm toward the mirror (M), passes first a quarter-wave plate (WP) and then a linear polarizer (P). If, for example, the fast axis of the wave plate and the transmission axis of the polarizer are aligned parallel to each other, the selected polarization is linear along the polarizer's transmission axis.
If the wave plate is rotated with respect to the polarizer by an angle of 45°in the clockwise direction, the selected component is righthand circularly polarized. After reflection from the mirrors, the beams again pass the polarizers and the wave plates and are combined by the beam splitter into a single beam. This beam is focused with another lens (L2) onto a GaAs photomultiplier tube (PT). The diameter of the light spot on the photodetector's surface is about 5 μm. The quadratic dependence of the photocurrent on the optical power P of unpolarized light at the interferometer input was obtained for P < 2 mW, indicating that the photomultiplier tube operates in the two-photon absorption regime. In the experiments, we used powers on the order of 0.1 mW. One of the mirrors M is connected to a piezoelectric transducer to allow gradual change of the length of one arm. The transducer operates with a step of 100 nm and has a scanning range of 2.7 cm. The length difference Δl of the arms determines the time difference τ 2Δl ∕c appearing in Eq. (6). The time resolution of this technique is determined by the energy gap E g between the valence and the conduction band of the semiconductor and is equal to the lifetime ℏ∕E g (ℏ is the reduced Planck constant) of the virtual state via which the photon pairs are absorbed. For a photodetector used in our work (Hamamatsu H7421-50), the bandgap corresponds to the wavelength of λ g 900 nm. Thus, the wavelength range of the two-photon absorption regime is 900 < λ < 1800 nm, and the temporal resolution is given by τ r λ g ∕2πc < 1 fs (c is the speed of light in a vacuum). The analysis of the twophoton absorption signal is shown in Appendix A.
EXPERIMENTAL RESULTS
Our aim is to measure the new characteristic quantity of light fields, the polarization time, for two unpolarized sources. The first source is unpolarized ASE of an Er-doped fiber amplifier. The field fluctuations of this source obey Gaussian statistics. The second source combines two independent, linearly polarized, singlemode lasers. The laser wavelengths are λ 1 1525 nm and λ 2 1615 nm, and the bandwidth of each of them is on the order of 100 MHz. The laser beams, aligned to have orthogonal polarizations, are combined into a single beam using a polarizing beam splitter. Since the lasers are independent, the resulting beam is unpolarized if the laser powers are equal. This source, being composed of two quasi-monochromatic beams, does not obey Gaussian statistics. Instead, it exhibits polarization beating, with the instantaneous polarization state periodically varying in time. The spectra of the two sources are shown in Fig. 2(b) .
Setting the power of the ASE source well below 2 mW, we have measured the sensitivity of the two-photon absorption signal to the polarization of the incident light. The ASE beam was let through a polarizer and a half-wave plate and focused onto the photomultiplier. By rotating the plate, we changed the angle of the linear polarization, α, at the detector from 0°to 360°with 10°intervals. The result of these measurements is shown in the inset of Fig. 2(b) as a polar plot. The signal is seen to be nearly constant, with only a slight elevation at around α 70°. For our measurements, however, this elevation is insignificant, and the detector response is considered as isotropic.
A. ASE Source
For the ASE source, the two-photon absorption signal was measured for a range of τ ∈ −1130 fs; 1130 fs. Figure 3 (a) shows the signal profiles obtained when the polarizers are aligned to transmit the (horizontal) x-polarized components in both arms (blue XX curve), the (vertical) y-components in both arms (red YY curve), and the x-component in one arm and y-component in the other arm (black XY curve). The red and blue curves oscillate rapidly, as illustrated also in the inset, where the curves are shown for a shorter τ interval. This oscillation corresponds to the last two terms in Eq. (A1). The signals show a major amplitude peak at τ 0 (the arms are of equal length) and two secondary peaks at τ 310 fs. The secondary peaks are explained by the presence of two maxima in the ASE spectrum [see Fig. 2(b) ]. Indeed, the spectral maxima are separated by about 25 nm, which causes temporal beating of the signal with a period of about 320 fs. The XX and YY curves nearly coincide, as the ASE light is unpolarized. The black XY curve does not oscillate, since the x-polarized and y-polarized field components arriving from the interferometer's arms to the detector do not correlate. Removing the fast oscillations from the curves with a Fourier-transform-based low-pass filtering [26] , we obtain the signals S ij τ of Eq. (A2). Together with the measured values of S 1i and S 2i , they result in the intensity correlation functions C x;x , C y;y , and C x;y , shown in Fig. 3(b) with the blue XX, red YY, and black XY curves, respectively. The blue and red curves are peaked at τ 0, and the black curve is flat, as expected.
Selecting the right-hand and left-hand circular polarizations in the arms and repeating the measurements, we obtain the curves shown in Fig. 3(c) . The overlap of the blue RR curve (right-hand polarization in both arms) with the red LL curve (left-hand polarizations in the arms) is remarkable, and the black RL curve (opposite circular polarizations in the arms) is flat. The corresponding intensity correlation functions found by Fourier-transform filtering the oscillating curves and applying Eq. (A.2) are shown in Fig. 3(d) .
They are similar to the curves in Fig. 3(b) , as they should if the ASE light indeed is unpolarized. To obtain the complete set of the intensity correlation functions appearing in Eqs. (7-10), we also measured the functions C 45;45 , C −45;−45 , and C 45;−45 . The resulting signal curves are shown in Fig. 3 (e) and the corresponding intensity correlation functions in Fig. 3(f) .
In the next step, the intensity correlation functions are inserted into Eqs. (7) (8) (9) (10) to obtain the autocorrelation functions of the Stokes parameters. These functions also contain the intensity correlation functions C y;x τ, C −45;45 τ, and C LCP;RCP τ, which we did not measure. Instead, τ was scanned in each measurement from negative to positive values symmetrically around τ 0. Hence, in Eqs. (7-10), we replace each missing C i;j τ with C j;i −τ. The resulting autocorrelation functions of the Stokes parameters are presented in Fig. 4(a) .
Finally, we substitute the autocorrelation functions of the Stokes parameters into Eq. (6) and find the polarization correlation function γ P τ. This function is shown in Fig. 4(b) . Its peak value at τ 0 differs slightly from the theoretically expected value of 1 due to imperfect alignment and the focusing of the polarized beams coming from the interferometer's arms onto the detector. The function γ P τ is observed to decrease from γ P 0 to γ P 0∕2 approximately in 115 fs. This time can be considered as the polarization time for the ASE source. Hence, on average, the unpolarized ASE light can be viewed effectively as polarized within a time interval of about 100-fs duration. Also, it can be regarded as polarized within any distance l p τ p c 35 μm along the field propagation direction. The polarization time for this unpolarized light source is seen to be on the order of the coherence time that can be measured for any of the polarization components of the field [26] .
B. Laser Source
For the second light source, composed of two narrowband laser beams, we made the same measurements as for the ASE and obtained the signals shown in Figs. 5(a) , 5(c), and 5(e). Each of the selected polarization components contains contributions from both lasers. Hence, each measured curve exhibits periodic amplitude modulation due to the wave-beating phenomenon. The observed modulation period, of about 90 fs, is indeed equal to the beating period T λ 2 λ 1 ∕λ 2 − λ 1 c. If we continued scanning the mirror so that τ would approach the coherence time of the lasers (∼10 ns), the oscillation amplitudes would decrease. However, since 10 ns is five orders of magnitude longer than the measurement interval in Fig. 5 , the oscillation amplitude in the measured three beating periods of each curve is the same. It can be seen that the signals obtained for identical polarizations in the arms, such as the XX and YY curves, have maximum amplitudes at τ 0, because the beating intensities from the interferometer arms come to the detector in phase. The black curves obtained for orthogonal polarizations in the arms also exhibit beating, but at τ 0 the signal is at minimum, since the intensity maxima arrive at the detector from the arms alternately. The fast oscillation observed in each black curve is explained by a coupling between the orthogonally polarized waves in the GaAs crystal. Since the crystal is optically anisotropic, the wave coming from one arm of the interferometer, E i t, acquires an orthogonal polarization component upon its interaction with the crystal, and this component interferes with the wave E j t τ arriving from the other arm. As long as each arm contains both wavelength components, the waves E i t and E j t τ attain maximum correlation at τ T ∕2. The contribution of this cross interference to two-photon absorption is proportional to I i tE i tE j t τ (see, e.g., Eqs. (19) and (20) in Ref. [33] ). This contribution, however, is eliminated, together with the associated highfrequency oscillation by the Fourier-transform filtering applied in the next step. The fact that the red curve nearly coincides with the blue curve in each of three Figs. 5(a), 5(c), and 5(e) confirms that the analyzed two-laser beam is unpolarized.
The intensity correlation functions obtained by filtering out the high-frequency oscillations of the curves and applying Eq. (A2) are shown in Figs. 5(b), 5(d), and 5(f ). Inserting these functions into Eqs. (7-10) then yields the autocorrelation functions of the four Stokes parameters illustrated in Fig. 6(a) . It can be seen that the black curve describing hS 0 tS 0 t τi is not perfectly flat, and the red curve, representing hS 1 tS 1 t τi, does not oscillate exactly about 0. The measurement imperfections like these, however, are not important as long as the experiments are focused on obtaining the polarization time instead of some particular minor details of polarization fluctuations. Substituting the autocorrelation functions of Fig. 6(a) in Eq. (6) yields the function γ P τ, illustrated in Fig. 6(b) . The obtained polarization correlation function oscillates periodically about its mean value of 0 with a beating period of 90 fs. At τ 0 it has a maximum of about 0.9, which is reasonably close to the theoretically predicted value of 1. The function decreases by a factor of 2 from its maximum value when τ increases to 15 fs. Therefore, the polarization time for the considered dual-laser light is τ p 15 fs. Within this time, the field stays essentially polarized no matter what polarization state it attains. The corresponding polarization length of the field is l p 4.5 μm. Similar polarization-beating dynamics that we found here for a dual-laser beam would also be obtained for light with two orthogonally polarized narrow-band components selected from a stationary broadband light. Another interesting characteristic time associated with the two-laser light is the time τ ⊥ , shown in Fig. 6(b) . It is equal to 45 fs, which is half of the beating period. Within this time interval, any original instantaneous polarization state of the field will be transformed into the orthogonal polarization state. Indeed, this must be the case for any field composed of two monochromatic or quasi-monochromatic orthogonally polarized fields having equal amplitudes but different frequencies.
CONCLUSION
We have introduced a general experimental technique to characterize the polarization-state dynamics in partially polarized or unpolarized random light with femtosecond time resolution. We have verified the existence and presented the first measurements of the novel concept of polarization time that describes the rate of polarization fluctuations and gives a time interval over which a partially polarized or unpolarized light beam can be considered highly polarized. We used two-photon absorption detection combined with a polarization-selective Michelson interferometer, an approach valid for electromagnetic light, to find the polarization times of two unpolarized sources. For an ASE source and a duallaser source, the ultrashort polarization times of 115 fs and 15 fs, respectively, were obtained. Such short polarization times are impossible to observe with traditional single-photon detection methods. The polarization time can be seen as a new concept providing additional information on random sources and propagation media, for instance, the temperature of thermal-like emitters. The polarization-state fluctuations and our technique to measure them may find a variety of applications in optics and photonics, including characterization of materials and microand nanostructures, research on anisotropic scattering and absorption phenomena, assessment of intra-pulse and pulse-to-pulse polarization variations, investigations of optical transitions in atoms and molecules, and nonlinear light-matter interactions, as well as quantum-and atom-optical effects concerning partially polarized waves.
APPENDIX A: TWO-PHOTON ABSORPTION SIGNAL
The two-photon absorption signal Sτ measured in our experiment is proportional to the average of the squared intensity of the light incident on the detector. Using the complex envelope representation for the fields from the two arms of the interferometer, we find that [26] Sτ ∝ hI 2 ti hI 2 1 ti hI 2 2 ti 2hI 1 tI 2 t τi where the vectors A 1 t and A 2 t are the slowly varying amplitudes of the light from arms 1 and 2, respectively, and I 1 t and I 2 t are the related instantaneous intensities. In addition, ω 0 is a frequency within the spectrum, F 1 τ and F 2 τ are slowly varying functions of τ, whose explicit expressions, however, are not important here, and Re denotes the real part. We seek the intensity correlation function hI 1 tI 2 t τi included in the two-photon absorption signal. This is obtained by filtering the high-frequency components around ω 0 and 2ω 0 , assuming that the fields in the arms have the desired polarization states specified by the wave plates and polarizers, and by developing the term with A 1 t and A 2 t in Eq. (A1). This procedure yields the intensity correlation functions of the various polarization states in the form hI 1i tI 2j t τi CS ij τ − S 1i − S 2j ∕η ij ; (A2)
where I mi t is the instantaneous intensity of i ∈ x; y; 45; −45; RCP; LCP polarized component in arm m ∈ 1; 2 and S mi hI 2 mi ti is the related two-photon absorption signal. Further, C is a coefficient independent of the polarization state, while η ij 4 for i j and η ij 2 if i ≠ j. Thus, for any electromagnetic beam entering the interferometer, the intensity correlation functions of Eqs. (7) (8) (9) (10) are obtained as C i;j τ DhI 1i tI 2j t τi, where D is a polarization-independent constant. The coefficients C and D are finally removed, since the polarization correlation function γ P τ eventually evaluated from Eq. (5) is a normalized quantity.
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